Nickel-chelating lipids are general tools for anchoring polyhistidine-tagged proteins to supported lipid bilayers (SLBs), but controversy exists over the stability of the protein-lipid attachment. Here, we show that chelator lipids are suitable anchors for building stable, biologically active surfaces, but that a simple Langmuirian model is insufficient to describe their behavior. Desorption kinetics from chelator lipids are governed by the valency of surface binding: monovalently-bound proteins desorb within minutes (t 1/2 ~ 6 min), whereas polyvalently-bound species remain bound for hours (t 1/2 ~ 12 hr). Evolution between surface states is slow, so equilibrium is unlikely to be reached on experimental timescales.
INTRODUCTION
As our understanding of biological membranes and membrane-associated proteins grows, new experimental techniques become necessary to probe quantitatively their dynamic role in cellular reaction networks. The silica-supported lipid bilayer (SLB) is an experimental platform uniquely well-suited for these challenges 1 . SLBs provide the framework for building well-controlled, biofunctional surfaces while maintaining the hallmark two-dimensional fluidity of cellular membranes. Spatial reorganization of membrane components is emerging as a critical aspect of cell signaling events. Examples include micron-scale pattern formation at cell-cell junctions 2 , pore assembly of antimicrobial peptides 3 and oligomerization of neuronal surface receptors 4 . The SLB provides a controllable, mechanically stable substrate for experimentation with such protein networks using optical microscopy and surface sensitive spectroscopies. Recent applications include the use of SLBs to probe protein dynamics during immunological synapse formation 2, 5 , to measure reaction-diffusion kinetics of interferon protein networks 6, 7 and in the controlled display of cadherins for mechanical manipulation 8 .
There are limited chemistries available for incorporating recombinant proteins into SLBs with controlled orientation, while maintaining lateral fluidity. A general solution remains elusive, thus limiting SLBs' experimental flexibility. Nickel-chelating lipids are promising candidates for this task, as they can reversibly tether soluble protein to a fluid lipid layer using histidine tags, an effective and widely-applied affinity handle 9 . However, disparity exists as to the reported nature of the interaction between chelator lipids and histidine-tagged proteins. Several groups have described stable adsorption 3 of proteins to SLBs containing chelator lipids, and have successfully used such systems for cell-based 10 or electrochemical 11 experiments. Others have shown transient surface binding, with rapid desorption of the protein layer 12, 13 , and have sought to counteract these effects by dramatically increasing chelator lipid concentration 8, 14 , lengthening the polyhistidine tail 15 , or synthesizing multidentate chelator headgroups 15, 16 . The ease of preparing histidine-tagged proteins 17, 18 make chelator lipids an appealing tool for SLB-functionalization, but a stable surface anchor is necessary for quantitative experimental design. Therefore it is of great interest to understand the reasons for the observed discrepancy.
Here, we systematically study the desorption kinetics of decahistidine-tagged Green Fluorescent
Protein (H10-GFP) from SLBs containing nickel-chelating lipids (Ni 2+ -NTA-DOGS), and show that even low concentrations of chelator lipid (1 mol%) are sufficient for building stable proteinfunctionalized surfaces and that a range of protein surface densities are obtainable with a single concentration of chelator lipid. We show that SLB-bound species exist in multiple association states, from monovalently-bound to polyvalently-bound. Desorption can be described with two steps: a slow transition from poly-to monovalently-bound species, followed by rapid desorption of the monovalentlybound species from the surface. Our results suggest that thermodynamic equilibrium is unlikely to be reached on experimental timescales, so adsorption conditions (incubation time, bulk concentration) can strongly influence the relative populations of poly-and monovalently-bound protein. These findings may account for inconsistencies found in the literature.
We also outline strategies for the preparation of synthetic membrane surfaces with predetermined densities of two different proteins, and show that such surfaces remain functional as artificial antigen 4 presenting cells for immunological synapse formation with living T-cells.
RESULTS

PREPARING SLBS WITH NICKEL-CHELATING LIPIDS
All experiments were performed with Egg Phosphatidylcholine (EggPC) bilayers containing 1 mol% Ni 2+ -NTA-DOGS ( Figure 1, panel 
HISTIDINE-TAGGED PROTEIN DESORPTION OCCURS IN TWO STEPS
To measure the desorption kinetics of histidine-tagged proteins from nickel-chelating lipids, SLBs were incubated with H10-GFP at 2.5 µ M in Tris buffer for 1, 15 and 45 minutes. After washing away unbound protein, surfaces were monitored using fluorescence microscopy under continuous rinsing.
Absolute protein densities were calculated by comparing fluorescence intensities to known standards (see Methods), and H10-GFP surface densities were plotted as functions of time (Figure 1 ).
At short times (< 1 hr), unbinding traces are well-fit by a single exponential with a vertical offset To explain these observations, we propose a quasi-two-step adsorption process ( Figure 1 , panel a). surface-bound species were allowed to desorb for one hour before imaging to determine the remaining
density of polyvalently-bound protein ( Figure 2 , panel a To explain this observation within the context of the two-step adsorption process outlined above, protein binding was modeled using standard first-order kinetic rate equations as follows. surface species, creating bilayers with higher stable protein densities. Surface reorganization continues between 10 and 100 minute incubations for all protein concentrations, indicating that thermodynamic equilibrium is unlikely to be achieved under most experimental conditions. A consequence of this non-7 equilibrium behavior is that despite rapid saturation of binding sites, long incubations are necessary to achieve surfaces with stable protein densities. Moreover, the density of polyvalently-bound protein can be maximized by incubating at intermediate protein concentrations; increasing protein concentration in the bulk does not necessarily increase protein density on the surface. This observed cross-over in protein density is more pronounced if the model explicitly includes higher-order complexes (proteins bound through three histidines, four histidines, etc.) using developed models for polyvalent binding 21 . All ten histidine residues are capable of interacting with chelator lipids, though they may be sterically hindered from doing so, both by packing constraints from other Here, we show that simple, Langmuirian binding is insufficient to explain the interaction between histidine-tagged proteins and SLBs containing chelator lipids. Adsorption can be adequately described by an idealized two-step binding model, although a higher degree of multivalent binding may occur.
Initially, free protein in solution binds to a chelator lipid through a single histidine residue. Due to fluidity of the bilayer, this monovalently-bound species can then bind additional lipids through other histidines, forming a tightly-bound protein-lipid complex. This reorganization of surface species is slow compared to incubation times commonly used in the laboratory, which are often less than 10 min 16, 24 .
Previous analyses have assumed thermodynamic equilibrium of surface-bound species, and although the chelator lipid binding sites are quickly saturated by monovalently-bound protein, our results suggest that true equilibrium occurs on the timescale of hours to days. Thus over experimentally-relevant timescales, the slow evolution to and from multivalent states must be taken into consideration to fully understand the kinetic behavior of these systems.
The quasi-two-state binding model supports the argument that chelator lipids are suitable anchors for the functionalization of SLBs with histidine-tagged proteins, but with the important caveat that surfaces must be allowed to shed the bulk of the monovalently-bound protein before experimentation begins. At room temperature, this desorption occurs from bilayers containing 1 mol% Ni 2+ -NTA-DOGS with a half-time of 6 ± 1 min. After the period of initial unbinding is complete -10 to 20 minutes -surface densities remain essentially constant for several hours, due to the slow transition from poly-to monovalent binding. We believe this phenomenon to be the source of confusion in previously reported desorption rates: surfaces exhibit rapid desorption at short times, especially after short incubations (less than 10 minutes) of high protein concentrations (greater than 10 µ M). Fitting this desorption to a Langmuirian binding model indeed gives a high K D , however this fails to account for the more stablybound polyvalent fraction, which has significantly slower desorption.
An equally important observation is that by altering incubation conditions, (time and concentration), The immunological synapse is just one of many intercellular junctions experimentally accessible with SLB systems. As our understanding of these and other membrane-based reaction networks grows, so will our need to experiment with more complex, densely-populated synthetic membrane surfaces. The interaction between nickel-chelating lipids and histidine-tagged proteins is a promising strategy for the parallel incorporation of entire protein reaction networks in a fluid, well-controlled manner. We believe the insights into the kinetic nature of this binding strategy presented here will aid in the design of such surfaces. 
METHODS
BINDING MODEL
Numerical modeling was performed using Matlab version 7.1. Species surface densities were calculated using the ode45 algorithm for ordinary differential equations.
IMMUNOLOGICAL SYNAPSES 13
Artificial APC-cell surfaces were prepared essentially as described 2 with the following modification:
GPI-linked MHC and ICAM were replaced with histidine-tagged variants. MHC was loaded with 50 µM MCC antigenic peptide overnight at 37°C in pH 4.5 citrate buffer. SLBs were then incubated with both proteins at 200 nM for 100 minutes in HEPES buffer. Flowcells were warmed to 37°C and rinsed with 10 mL buffer. Live murine AND CD4 + T-cells were injected 20 minutes later. The T-cell surface protein, TCR, was labeled with F AB fragments of the non-blocking H57 antibody labeled with Alexa568 dye (Invitrogen). Images were acquired 10 to 30 minutes after T-cells contact with the bilayer using a 1.3 NA 100x oil-immersion objective on a Nikon TE-300 microscope. 
